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Abstract
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Primary cilia are sensory organelles that transmit extracellular signals into intracellular
biochemical responses. Structural and functional defects in primary cilia are associated with a
group of human diseases, known as ciliopathies, with phenotypes ranging from cystic kidney and
obesity to blindness and mental retardation. Primary cilia mediate mechano- and chemosensation
in many cell types. The mechanosensory function of the primary cilia requires the atypical Gprotein-coupled receptor polycystin-1 and the calcium-permeable nonselective cation channel
polycystin-2. Mechanical stimulations such as fluid-shear stress of the primary cilia initiate
intracellular calcium rise, nitric oxide release, and protein modifications. In this review, we
describe a set of protocols for cell culture to promote ciliation, mechanical stimulations of the
primary cilia, and measurements of calcium rise and nitric oxide release induced by fluid shear
stress.

1. INTRODUCTION

NIH-PA Author Manuscript

Nonmotile primary cilia are sensory organelles projected from the apical membrane of most
cells (Fig. 1.1A). Although primary cilia have been observed for over a century, their
functions have only been revealed in the past decade. Among many other functions, such as
the control of cell size (Boehlke et al., 2010) and the cell cycle (AbouAlaiwi, Ratnam,
Booth, Shah, & Nauli, 2011; Zhou, 2009), the mechanosensory function of the primary cilia
is probably one of the most studied (Nauli, Haymour, AbouAlaiwi, Lo, & Nauli, 2011;
Resnick, 2011).
As a mechanosensory organelle, a primary cilium can sense body fluid movement in all
visceral organs (Abdul-Majeed & Nauli, 2011c). These include urine in the renal nephron
(Nauli et al., 2006; Xu et al., 2007, 2009), nodal flow in Hensen’s node (McGrath, Somlo,
Makova, Tian, & Brueckner, 2003), bile in the hepaticbiliary system (Masyuk et al., 2006),
digestive fluid in the pancreatic duct (Cano, Murcia, Pazour, & Hebrok, 2004; Cano, Sekine,
& Hebrok, 2006), dentin in dental pulp (Magloire, Couble, Romeas, & Bleicher, 2004;
Thivichon-Prince et al., 2009), lacunocanalicular fluid in bone and cartilage (Hou,
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Kolpakova-Hart, Fukai, Wu, & Olsen, 2009; Lu et al., 2001; Xiao et al., 2006), blood
invasculature (Abou Alaiwi et al., 2009; Nauli et al., 2008), and cerebral spinal fluid in the
nervous system (Fuchs & Schwark, 2004). To exert their sensory functions, cilia require
functional sensory proteins. Cells without these proteins or with structural defective cilia are
unable to sense fluid-shear stress, but their sensitivity toward other mechanical or
pharmacological stimuli remains intact (Nauli et al., 2003, 2008). The functional
machineries found on the cilia include mechanosensory receptor-like protein polycystin-1,
mechanosensory calcium-permeable cation channel polycystin-2 (Nauli et al., 2003, 2008),
and other interacting proteins, such as fibrocystin (Nauli et al., 2003, 2008), and G-proteincoupled receptors (Nauli et al., 2011). As a sensory organelle, the ciliary membrane contains
many receptors and signaling molecules regulating several cellular pathways such as the
platelet-derived growth factor receptor-α (Schneider et al., 2010, 2009), receptors of the
hedgehog signaling pathway patched and smoothened (Ingham et al., 2011), Wnt receptor
frizzled (Luyten et al., 2010), Notch (Ezratty et al., 2011), matrix receptor integrins
(McGlashan et al., 2006; Praetorius et al., 2004), and several other G-protein-coupled
receptors, for example, the somatostatin receptor-3 (Handel et al., 1999), serotonin receptor
6, melanin-concentrating hormone receptor 1 (Berbari, Johnson, Lewis, Ask with, &
Mykytyn, 2008), and adenylyl cyclases (Kwon, Temiyasathit, Tummala, Quah, & Jacobs,
2010; Wang, Phan, & Storm, 2011). However, whether and how these proteins are involved
in mechanosensation is largely unknown.

2. IDENTIFICATION OF PRIMARY CILIUM
2.1. Cellular characterizations
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The most important aspect for assaying the mechanosensory function of primary cilia in
cultured cells is to ensure that the cells possess functional cilia (Nauli et al., 2003). The first
approach to promote the development of fully functional cilia is to ensure that the cultured
cells are fully differentiated. Depending on the cell types, cell differentiation can usually be
achieved by using a confluent cell population and/or applying a medium with low serum
concentration. Because cilia are resorbed before mitosis (Nauli & Zhou, 2004), the idea of
using a confluent cell population is to allow the establishment of cell–cell contact which
inhibits cell division in non-malignant cells. In most cases, contact inhibition can be
achieved by culturing cells in low serum medium (2% or less) for additional 2–4 days (Nauli
et al., 2003). Because ciliation initiates when the cells exit from the cell cycle, a quick way
to promote cilium formation in kidney epithelial cell from inner medullary collecting duct is
to seed cells overnight at high density in normal serum, followed by a reduction of serum to
0.5% for 48 h to promote ciliation. A low serum medium is always better than medium
without serum to prevent-starvation-induced cell death. For a review on regulation of cilium
length, see Avasthi and Marshall (2012). The protocol to promote ciliation is below.
The second approach to obtain fully functional cilia is to ensure that the fully differentiated
cells possess an optimal length of cilium. An optimal length of cilium is defined as a ciliary
extension which would respond to the smallest amount of fluid-shear stress. Differentiated
cells do not necessarily have developed appropriate length of cilia. Certain types of cells
may require additional culture time to extend their cilia, once differentiated. The best way to
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identify the optimal length of cilia is by studying the association between the cilium length
and function (Nauli et al., 2008). In general, the longer the cilia, the more sensitive they are
to being bent and activated by fluid-shear stress (Abdul-Majeed, Moloney, & Nauli, 2012;
Abdul-Majeed & Nauli, 2011b). However, long cilia are less stable and can fall off easily,
resulting in cells without cilia. The methods for staining cilia and measuring cilium length
are described in Section 2.2.
2.2. Ciliary polycystins
The length of primary cilia is not a sole indicator for fully functional cilia. The presence of
cilium structure must also be supported by the presence of functional sensory proteins,
including polycystin-1 and -2 (Fig. 1.1B–D). The length of primary cilia can be determined
by immunostaining of cultured cells. We often culture the cells on a glass coverslip for flow
experiments. Preparation of glass coverslips for cell culture
1.

Dilute rat type I collagen (BD Biosciences, cat# 354236) to 50 μg/mL using 0.02N
acetic acid.
a

Note that collagen is insoluble at neutral pH.

NIH-PA Author Manuscript

2.

Dip a glass coverslip into this collagen-containing solution for a minimum of 5 s.

3.

Place one cover slip in each well of a six-well plate.

4.

Incubate coverslips at room temperature for 1 h.

5.

Add 2 ml of phosphate-buffered saline (PBS) to the well.

6.

Vigorously rinse to remove excess collagen or acid and aspirate PBS carefully.

7.

Sterilize the six-well plate under UV light for at least 20 min.

8.

Plate is ready for use or it can be stored at 4 °C for up to 1 week under sterile
conditions.

Cell culture
1.

Add an appropriate amount of cells to 2 mL of culture media containing proper
growth supplements or serum to the prepared six-well plates.

NIH-PA Author Manuscript

b

2.

Note that the higher the cell number, the faster the cells will reach
confluence. Ideally, cells should be seeded at high density to reach 70–
90% confluence after overnight culture.

Once 95–98% confluence is reached, withdraw serum for 2–4 days prior to flow
experiments.
c

Note that it is a good idea to start with reducing serum to 1%. If there
are too many dead cells, serum can be titrated up to 5% to prevent cell
death. If cells fail to differentiate, serum can be titrated down to 0.5–
2%. Alternatively, an additional 2 days of differentiation time can be
tested.
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Immunostaining for cilia and polycystins
1.
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Fix cells with 4% PFA and 3% sucrose in PBS buffer for 10 min at room
temperature.
d

Note that the fixing solution works best when prepared fresh.

2.

Wash cells with PBS buffer containing 1% BSA twice.

3.

Permeabilize cells with 1% Triton-X and 1% BSA in PBS buffer for 10 min at
room temperature.

4.

Wash cells twice with PBS buffer containing 1% BSA.

5.

Incubate cells with acetylated α-tubulin antibody, 1:10,000 dilution in PBS buffer
for 1 h at room temperature, followed by washing with PBS buffer containing 1%
BSA.

6.

For colabeling of polycystins and cilia marker, incubate cells from Step 4 with
acetylated α-tubulin antibody and polycystin-1 or polycystin-2 antibody together in
order to colabel the polycystins with acetylated α-tubulin as a ciliary marker.

NIH-PA Author Manuscript

e

Note that the ciliary localization of polycystin-1 and -2 are best
immunolabeled with p96521 and p96525, respectively (Nauli et al.,
2003). Incubation for 24 h at 4 °C is preferred to decrease nonspecific
binding at dilution 1:500. Alternatively, a dilution of 1:250 can be used
at room temperature for an hour. Depending on the specificity of the
primary antibody, the cells can be washed with PBS (with or without
1% Triton-X). Triton-X can further reduce nonspecific signals. If
Triton-X is used, the specimens cannot be dried out during aspiration.
Any solution that contains a detergent can actually generate more
background if specimens are dried during the experimental process.

NIH-PA Author Manuscript

7.

Incubate cells with fluorophore-labeled secondary antibody against the specific
species of the primary antibody used in the staining, 1:500 dilution in PBS buffer
containing 1% BSA for 1 h at room temperature. The commonly used fluorophore
conjugates are Alexa fluor 405, 488, 555, 594, and 647. Usually Alexa fluor 488 is
referred to as green channel, 555 as orange, 594 as red, and 647 as far red.

8.

Mount the coverslip onto a microscope slide with antifade mounting media with or
without DAPI from Invitrogen. It is helpful to gentally slide the coverslip to push
the cilia down and align them.

9.

Leave slides in a dark place overnight to allow the mounting media to dry and then
seal with nail polish and store in a dark cold place.

10. Slides can then be viewed using a fluorescence microscope equipped with the
appropriate filters to match the fluorophore conjugated to the secondary antibody.
Measurements of cilia length
1.

Acetylated-α-tubulin (Sigma clone 6-11B-1; 1:10,000 dilution) is commonly used
as a marker for cilia length measurement.
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The length of primary cilia can be measured using images taken with a
fluorescence microscope (inverted Nikon Ti-U or equivalent microscope) and
analyzed with Metamorph 7.0 or NIS-Elements software. All image analyses are
usually performed by capturing series of Z-stack and compiled for a more accurate
measurement.

3. MECHANOSENSORY CILIA
3.1. Experimental settings
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There are at least three different ways to study mechanosensory function of cilia. The first
way is to directly bend one primary cilium using a micropipette (Praetorius & Spring, 2001,
2003). While this technique is the most direct way to study mechanical function of a cilium,
this is a very time-consuming method that uses a negative pressure on a single cell at a time
(Fig. 1.2A). The second way is to use nanomagnetic beads precoated with ciliary-surface
antibody. This technique depends greatly on the specificity of the antibody, which involves
application of a magnetic field around the cell population (Fig. 1.2B). The third way to
study mechanosensory function of cilia is by applying fluid-shear stress across the apical
membrane of a cell population (Fig. 1.2C). This technique is probably the most
physiologically relevant and has been widely utilized to study mechanociliary function
(Masyuk et al., 2006; Nauli et al., 2003, 2006; Xu et al., 2007, 2009). The set up for
application of fluid flow shear stress involves optimizing the perfusion, microscope, and
computer systems (Fig. 1.3). Experimental setups include the following steps.
1.

Briefly rinse differentiated cells with PBS containing calcium or Dulbecco’s PBS
(pH 7.0).

2.

For calcium readout (Section 3.2), incubate cells with ~10 μM Fura-2AM (Fura-2acetoxymethyl ester).
a.

Fura-2AM (Teflabs, Inc., cat# 0103) is freshly prepared to avoid
fluorescence quenching, to maintain optimal loading, and to obtain good
signal-to-noise ratio.

b. Prepare 1 mM solution of Fura-2AM by adding 50 μL of high-quality
anhydrous dimethyl sulfoxide (DMSO) to 50 μg Fura-2AM.

NIH-PA Author Manuscript

c.

Mix and vortex the solution for at least 5 min to ensure that Fura-2AM is
homogenously dissolved in DMSO.

d. Briefly centrifuge the Fura-2AM-containing vial to avoid the use of any
undissolved Fura-2AM.
3.

For nitric oxide (NO) readout (Section 3.3), incubate cells with ~20 μM DAF-FM
(4-amino-5-methylamino-2′,7′-difluorofluorescein diacetate).
a.

DAF-FM (Invitrogen, Inc., cat# D-23844) is freshly prepared to avoid
fluorescence quenching, to maintain optimal loading, and to obtain good
signal-to-noise ratio.

b. Prepare 5 mM solution of DAF-FM by adding 20 μL of high-quality
anhydrous DMSO to 50 μg of DAF-FM.
Methods Enzymol. Author manuscript; available in PMC 2014 July 14.
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c.

Mix and vortex the solution for at least 5 min to ensure that the DAF-FM
is homogenously dissolved in the DMSO.
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d. Briefly centrifuge the DAF-FM-containing vial to avoid the use of any
undissolved DAF-FM.
4.

Discard undissolved dye by carefully pipetting ~48 μL of Fura-2AM or ~18 μL of
DAF-FM solution and transfer the solution to the 5 mL “incubation solution.” Note
that the undissolved dye can be hard to wash away from the cells, which will
generate unevenness in fluorescence signals or scattered bright fluorescent spots.

5.

Optional: Add 0.05% of nonionic detergent Pluronic to the solution as needed.
a.

Pluronic may help improve dye loading and reduce dye
compartmentalization. It is most commonly used in primary cultured cells.
Note that the use of Pluronic that is not rinsed or calibrated may result in
fewer responsive cells.

NIH-PA Author Manuscript

b. Pluronic is known to enhance dye loading into the cytosolic compartment
by facilitating ester solubilization. However, excessive loading of
Fura-2AM from Pluronic can cause cellular acidification as a result of the
formaldehyde release from acetoxymethyl ester (AM) hydrolysis (Nauli,
Zhang, & Pearce, 2001; Nauli et al., 2011; Van der Zee, Mason, & Eling,
1989).
c.

Cellular acidification is considered negligible if the maximum cytosolic
calcium changes are not altered with Pluornic.

d. The use of probenecid helps maintain the Fura dye inside the cells during
the experimental period.
6.

Depending on the length of the experiment, the “incubation solution” can simply be
the Krebs buffer, modified Dulbecco’s modified Eagle medium, or HEPES buffer.
a.

NIH-PA Author Manuscript

Krebs buffer solution is used only when the entire chamber system is
supported by continuous bubbles of 95% O2–5% CO2 (Nauli, Williams,
Akopov, Zhang, & Pearce, 2001). This solution is usually perceived as the
most physiologically representative buffer, although it is usually difficult
to have homogenous aeration in most of flow systems. A Krebs buffer
solution contains (in mM): 122 NaCl, 25.6 NaHCO3, 5.56 dextrose, 5.17
KCl, 2.49 MgSO4, 1.60 CaCl2, 0.114 ascorbic acid, and 0.027 EGTA, and
is continuously bubbled with 95% O2–5% CO2 to maintain a pH of 7.2.

b. A modified Dulbecco’s modified Eagle medium is used to avoid
interactions between pH indicator phenol red with Fura-2 fluorescence
signal (Nauli et al., 2003). It is also modified to avoid limitation with
aeration of 95% O2–5% CO2. The modified medium contains (in mM):
1.26 CaCl2, 0.81 MgSO4, 5.37 KCl, 0.44 KH2PO4, 137 NaCl, 0.34
Na2HPO4, 5.55 D-glucose, 2.0 L-glutamine, 1.0 sodium pyruvate, 1%
bovine serum albumin, and 20.0 HEPES at pH 7.2.

Methods Enzymol. Author manuscript; available in PMC 2014 July 14.
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c.
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7.

HEPES buffer solution has the simplest composition, and it is usually used
for experiments that are not longer than 30 min (AbouAlaiwi et al., 2009).
For shock-sensitive cells, this buffer solution may not be optimal. The
solution contains (in mM): 138 NaCl, 2 CaCl2, 1 MgCl2, 5 KCl, 10 Dglucose, 10.0 HEPES at pH 7.4.

Incubate cells with a solution containing Fura-2AM and/or DAF-FM for 30 min.
a.

If simultaneous loading of Fura-2AM and DAF-FM is desired, each dye
should be tried individually to obtain its optimal loading condition, before
loading both dyes.

b. Incubation with the fluorophore dye can be achieved at 38 °C for human
cells or 33 °C for mouse cells. In some cases, loading at 39 °C could be
optimal to control cell differentiation, especially when the cells are
immortalized with Simian Virus-40 (Loghman-Adham, Nauli, Soto,
Kariuki, & Zhou, 2003).
8.

Once loaded, gently transfer the cells to a perfusion chamber and equilibrate for at
least 15 min before challenged with fluid-shear stress.

NIH-PA Author Manuscript

a.

There are many commercially available perfusion chambers. One can also
use a custom-made chamber. Regardless of which chamber is used, it is
imperative to confirm that a laminar fluid flow can be obtained. It is also
important to note that some chambers have a much lower range of laminar
flow, in which a high flow rate would generate turbulence flow which
would form pressure inside the chamber.

b. It is important to avoid pressure accumulation in the chamber. This can be
easily tested by growing the cells on a No. 0 coverslip. Since a No. 0
coverslip is thin enough to be easily bent by pressure, under a 40×
objective, any turbulence or pressure generated from the flow would
change the focus of the cells.
c.

The shape and dimension of the chamber needs to be properly determined
because they are factored into the calculated shear stress.

NIH-PA Author Manuscript

d. In most cases, the thickness and width of the perfusion chamber will be
used in shear stress calculation.
9.

Equilibrate cells for ~30 min before being challenged with fluid flow.
a.

Each cell type has a specific ciliary length, which reflects their optimal
fluid-shear stress.

b. Test for the optimal shear stress by applying a range of shear stress from
0.1 to 50 dyne/cm2. The optimal shear stress value is defined as the largest
change in cytosolic calcium indicated by the ratiometric Fura-2 signal
(Section 3.2).
10. Depending on the shape of the chamber, shear stress can be calculated using the
following formula.
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a.

Cylindrical shape:
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b. Rectangular prism:

τw = wall shear stress in dyne/cm2
Q = volumetric flow rate in mL/s

η = apparent fluid viscosity in dyne s/cm2
π = pi with a constant value of 3.1428
r=radius of cylinder in cm
a=height of the chamber or thickness of gasket in cm
b=width of the chamber or gasket in cm.
c.

At 33–39 °C, when Krebs buffer, modified Dulbecco’s modified Eagle
medium, or HEPES buffer is used as “incubation solution” for perfusion,
the calculated viscosity is approximately 0.0076 dyne s/cm2.

NIH-PA Author Manuscript

d. Flow-induced cilium activation is accomplished by a step change in fluid
flow rate from a static condition to the designated shear stress. Because
the dimension of the perfusion chamber remains the same, only the
volumetric flow rate is adjusted by controlling the speed of a continuous
or pulsate pump to provide a desired shear stress value.
3.2. Calcium readout
Because calcium is the most universal second messenger, it is not surprising that
intracellular calcium has been widely used as readout for cilium function. Calcium readout
has been used to study mechanosensory cilia in renal epithelia (Nauli et al., 2003, 2006; Xu
et al., 2007, 2009), cholangiocyte epithelia (Masyuk et al., 2006), vascular endothelia
(AbouAlaiwi et al., 2009; Nauli et al., 2008), osteoblast (Qiu et al., 2012; Xiao, Zhang,
Magenheimer, Luo, & Quarles, 2008), osteocyte (Qiu et al., 2012; Xiao et al., 2008),
embryonic neurula nodal cells (McGrath et al., 2003), and many others (Fig. 1.4).
1.

Calcium dye selections

NIH-PA Author Manuscript

a.

Although many different calcium-sensitive fluorescence dyes are
commercially available, there is no specific preference for use in
examining cytosolic calcium. However, it is recommended that ratiometric
dye such as Fura-2AM is used for confirmation purposes (Fig. 1.4).
Fura-2AM is a ratiometric dye. It can be excited by two wavelengths, 340
nm for calcium bound and 380 nm for unbound. Irrespective of the
excitation wavelength, the dye will emit at 510 nm wavelength. The ratio
of 340/380 is usually calculated for normalizing unequal loading of the
dye into the cells.

b. Fluid flow over the top of cells could change the intensity of background
fluorescence. If a nonratiometric calcium fluorophore is used, it is always
recommended to confirm the results with Fura-2AM. This is especially
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necessary in well-differentiated confluent cells, in which changes in cellfree background intensity are most likely not achievable.
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2.

Calcium dye toxicity
a.

Fura-2AM is membrane permeable due to its AM group. The AM group
can be hydrolyzed easily by nonspecific membrane esterase (Nauli,
Zhang, et al., 2001; Van der Zee et al., 1989).

b. Acidification of the cells as a result of formaldehyde release from the AM
hydrolysis is usually negligible, but it can be a problem in cells overloaded
with Fura-2.
c.

3.

Optimal loading of calcium fluorophores can be easily determined by
challenging the cells with ATP. The time course and peak magnitude of
calcium signals in response to ATP should be sufficient to indicate the cell
viability.

Calcium dye signals
a.

NIH-PA Author Manuscript

To distinguish the Fura-2 calcium signal from autofluorescence or
movement artifacts, the intensities emitted at 340 and 380 nm should
always be monitored separately in addition to measurements of their ratio.

b. Only preparations in which 340 and 380 signals change as mirror images
(inversely) of one another should be used. For example, a true increase in
cytosolic calcium would result in an increase in 340 signal but a decrease
in 380 signal intensities.
c.

Paired Fura-2 images should be captured at a minimum of every 5 s at
excitation wavelengths of 340 and 380 nm.

d. The optimal shear stress value is defined as the largest changes in
cytosolic calcium indicated by the ratiometric Fura-2 dye (340:380).
4.

Quantification of free intracellular calcium
a.
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After completion of the experiment, the minimum fluorescence should be
obtained by incubation of the preparations in calcium-free perfusion
solution containing 2 mM EGTA and 10 μM ionomycin at pH 8.6 to
optimize the ionomycin effect.

b. After the minimum signal ratio is determined, the same cell preparation is
challenged with excess calcium (10 mM) to obtain the maximum signal
ratio.
c.

All of the fluorescence measurements should be corrected for
autofluorescence.

d. The exact free calcium values can then be calculated using formulas
provided by the manufacture. If using the Fura-2AM dye from Invitrogen,
the following formula will be used. [Ca2+]= Kd × Q(R–Rmin)/(Rmax – R).
Where Kd is the dissociation constant of the dye from the released
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calcium, R is the measured ratio F340/F380, and Rmin and Rmax are the
fluorescence ratios at minimum and maximum ion concentration. It is very
important to calibrate and measure the dye Kd using the F340/F380
obtained from measuring known calcium concentrations for calibration.
The Kd of the used dye for calcium imaging is very important as it
determines the sensitivity of the dye and its resolution. For example,
Fura-2AM has very limited sensitivity of calcium above 1 μM
concentration. For this reason, different Fura-2 derivatives are available
with variable Kd (values). The Fura-2AM calcium imaging calibration kit
(cat# F6774) from Invitrogen makes the calibration a lot easier.
3.3. Nitric oxide readout
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NO is probably the most potent endogenous vasodilator. Vascular endothelial cells are
known to readily synthesize and release NO in response to many stimuli, including fluidshear stress (Fig. 1.5). Not surprisingly, NO production has always been assayed to confirm
blood vessel functionality (Vita, 2011). Furthermore, other cell types including renal
epithelial cells have also been shown to have the ability to produce NO (Garvin, Herrera, &
Ortiz, 2011). Depending on the experimental purposes, NO measurement can be done with
NO-specific fluorophore (DAF-FM) or nitrite-specific dye (diaminonaphthalene, DAN).
1.

Measuring intracellular NO with DAF-FM (AbouAlaiwi et al., 2009; Nauli et al.,
2008)
a.

The advantages of this technique are that (a) it permits live observation
and live-imaging analysis of NO biosynthesis, (b) it can be simultaneously
used with Fura-2AM to understand the biochemical interactions between
calcium signaling and NO biosynthesis, and (c) it allows high-resolution
temporal and spatial image acquisitions.
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b. The disadvantage is that DAF-FM provides only relative levels of
intracellular NO. The baseline value of the corrected fluorescence (after
background subtraction) is usually defined as 100%. All subsequent
fluorescence values measured in the same preparation are normalized
relative to this value. Coupled with DAN, however, both techniques could
be extremely powerful to analyze NO production and release.
c.

2.

Due to the high diffusion coefficient of NO gas, intracellular NO should
be measured at a minimum of every 5 s at the excitation and emission
wavelengths of 495 and 515 nm, respectively.

Measuring extracellular NO release with DAN
a.

DAN is an NO2−-specific dye. Thus, NO2− is assayed from the collected
perfusate media.

b. Because NO gas escapes easily from the cells to the media, extracellular
release of NO can be measured indirectly with nitrate/nitritefluoremetric
assay kit (Cayman Chemical, Corp.). NO gas is converted easily to nitrite
(NO2−) and nitrate (NO3−). Because the relative proportion of this
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conversion is too variable to predict with certainty, all of the NO3− in the
media is reduced to NO2− prior to the extracellular NO measurement.
Therefore, this extracellular NO assay provides a measurement of total
NO2− and NO3− in the media through a two-step process.
c.

The first step involves conversion of NO3− to NO2− by a nitrate reductase
enzyme. The second step involves the addition of DAN to specifically
detect NO2−. DAN and NO2− react easily, resulting in highly fluorescence
chemical designated as naphthotriazole (NAT). Further alkaline treatment
of NAT would enhance its fluorescence characteristics with excitation of
360 nm and emission of 430 nm.

d. For each 96-well plate measurement, a replicated standard curve with a
known NO3− concentration is generated by first converting it to NO2−.
The NAT fluorescence is then analyzed with multi-detection microplate
reader at the optimal excitation and emission wavelengths of 360 and 430
nm, respectively.
3.4. Protein readout

NIH-PA Author Manuscript

Fluid-shear stress has been shown to induce various gene expressions and protein
modifications (AbouAlaiwi, Lo, & Nauli, 2009; Nollert, Panaro, & McIntire, 1992; Ten
Dijke, Egorova, Goumans, Poelmann, & Hierck, 2012). Whether or not these changes
depend on cilium function, however, remains unknown. What has been confirmed by
independent laboratories is that fluid-shear-induced cilium activation will result in
polycystin-1 cleavage (Chauvet et al., 2004; Low et al., 2006; Nauli et al., 2008). It is thus
justified to include analysis of polycystin-1 as another potential readout for cilium function
(Fig. 1.6). One quick and relative easy way to determine the cleavage of polycystin-1 is to
perform immunoprecipitation–Western analysis using antibody against the C-terminal of
polycystin-1 (anti-polycystin-1 at 1:5 dilution; P-15 from Santa Cruz Biotechnology, Inc.).
This is a relatively simple biochemical assay for mechanosensory function of primary cilia.

4. SUMMARY
NIH-PA Author Manuscript

Substantial evidence exists confirming the role of primary cilium as a mechanosensory
organelle in various organ systems. Although both structure and function of primary cilium
are required for its sensory functions, analysis of cilium functionevenin cells with a known
structural defect isrecommended, as cilium length and function may not be well correlated
(Abdul-Majeed et al., 2012; Abdul-Majeed & Nauli, 2011b). Calcium is the most universal
second messenger, which has been associated with mechanisms involved in cilia-related
cystic phenotypes (Abdul-Majeed & Nauli, 2011a; Nauli & Zhou, 2004). NO biosynthesis
and protein modification are also reliable readouts of mechanosensory function of
primarycilia. Other readouts of cilium function are being explored and developed.
Therefore, more interesting research is yet to be done to complement the existing tools in
studying the physiological and molecular aspects of nonmotile primary cilia.
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Figure 1.1.

Sensory primary cilium in endothelial and epithelial cells. A primary cilium is a sensory
organelle that projects to the extracellular space from the apical membrane of a cell. (A)
Phase contrast image of a primary cilium projecting from the apical surface of an endothelial
cell. (B–D) Double staining of primary cilia and yellow fluorescent protein (YFP)-tagged
polycystin-1 shown in a monolayer of kidney epithelial cells with an antibody against
acetylated α-tubulin (red) (B) and an antibody against YFP (green) (C). A merged image of
(B) and (C) is shown in (D). Nuclei are stained by 4′,6-diamidino-2-phenylindole (DAPI) in
blue.
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Figure 1.2.

Techniques to study mechanosensory function of cilia. There are at least three different
ways to study mechanosensory function of cilia. (A) The first way is to directly bend one
primary cilium by applying a negative pressure at the tip of a micropipette. (B) The second
way to study sensory function of cilia is with nanomagnetic beads, precoated with ciliarysurface-specific antibody. The nano beads can be twisted or pulled by applying magnetic
field around the cells. (C) The third and more physiological way to examine cilium function
is to apply fluid shear on the top of the cells. This technique is the most robust and
inexpensive way to analyze mechanosensory function of cilia.
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Figure 1.3.
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Experimental setup for fluid-shear stress to study cilium function. To investigate the
mechanosensory role of primary cilia with fluid-shear stress requires a setup with at least
three components. (A) A perfusion system includes a reliable pump that would generate the
same input and output volumes to the perfusion chamber in a “closed” perfusion system. A
more reliable “open” perfusion system usually uses two pumps to control the input and
output volumes. In either case, it is important to avoid pressure in the chamber to prevent
bubble formation and turbulence flow. (B) A cartoon illustrating the assembly of the
commonly used Glycotech perfusion chamber. (C) A microscope system that is capable to
support experimental conditions and specifications. The speeds of camera and excitation/
emission wavelengths changers have to be fast enough, especially when calcium signals at
340/380 nm, nitric oxide signals at 495 nm, and phase contrast images are to be captured.
These speeds can alternatively be controlled with the intensity of fluorescence or visual
light. An environmental chamber is recommended for better control temperature, CO2/O2,
and humidity and to prevent condensation on the objective lens and the perfusion chamber.
(D) A computer system with up-to-date software such as NIS-elements to support
experimental specifications and microscopic functions during image capturing or data
analysis.
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Figure 1.4.

Intracellular free calcium as a readout of ciliary function. Cytosolic free calcium ([Ca2+]cyt)
in response to fluid-shear stress is measured with Fura-2. Wild-type embryonic endothelial
cells treated without (control) and with chloral hydrate (ChlHyd; 4 mM, 12 h) are challenged
with shear stress. Chloral hydrate reversibly blocks the formation of primary cilia or
destroys cilia structure. Arrows indicate the step increase in fluid-shear stress.
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Figure 1.5.
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Intracellular nitric oxide biosynthesis as a readout of ciliary function. Cytosolic nitric oxide
biosynthesis ([NO]cyt) in response to fluid-shear stress is measured with DAF-FM. Wildtype or Pkd1 knockout embryonic endothelial cells are challenged with shear stress. The
graphs depict original traces before background subtraction and normalization (note that the
y-axis is unitless). Changes in autofluorescence were seen when shear stress was applied on
the cells at 0 s. Fluid flow has been known to change autofluorescence either by increasing
or decreasing it. Thus, proper experimental controls such as cells with no cilium function or
structure are required if ratiometric dye (like Fura-2) is not used. Arrows indicate the step
increase in fluid-shear stress.
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Figure 1.6.

Proteomic analysis as a readout of cilium function. Fluid-shear stress has been shown to
modify various proteins, including polycystin-1 cleavage. After endothelial cells are
equilibrated at 0, 1, or 7 dyne/cm2 for 10, 20, or 30 min, the total proteins are collected and
coimmunoprecipitated with polycystin-1 antibody (P-15, Santa Cruz Biotechnology). Only a
single full-length of polycystin-1 band is observed in static control cells (arrow), while fluidshear stress induces a second lower molecular weight of polycystin-1 band (arrow head).
Note that the band intensity of full-length polycystin-1 in cells equilibrated at 7.2 dyne/cm2
is much weaker compared to cells of static control or 1.1 dyne/cm2.
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